Trypanosoma cruzi and Leishmania spp. are kinetoplastids responsible for Chagas disease and Leishmaniasis, neglected tropical diseases for which there are no effective methods of control. These two human pathogens differ widely in the range of mammal species they can infect, their cell/tissue tropism and cell invasion mechanisms. Whether such major biological differences have had any impact on genome-wide patterns of genetic diversification in both pathogens has not been explored. The recent genome sequencing projects of medically important species of Leishmania and T. cruzi lineages provide unique resources for performing comparative evolutionary analyses to address that question. We show that inferred genome-wide signals of positive selection are higher in T. cruzi proteins than in Leishmania spp. proteins. We report significant differences in the fraction of protein-coding genes showing evidence of positive selection in the two groups of parasites, and also report that the intensity of positive selection and the proportion of sites under selection are higher in T. cruzi than in Leishmania spp. The pattern is unlikely to be the result of confounding factors like differences in GC content, average gene length or differences in reproductive mode between the two taxa. We propose that the greater versatility of T. cruzi in its host range, cell tropism and cell invasion mechanisms may explain the observed differences between the two groups of parasites. Genes showing evidence of positive selection within each taxonomic group may be under diversifying selection to evade the immune system and thus, depending on their functions, could represent viable candidates for the development of drugs or vaccines for these neglected human diseases.
Introduction
Natural selection is the most important evolutionary force driving the diversification of all living organisms. Comparative and population genetic analyses of orthologous DNA sequences are routinely used for inferring the influence of natural selection in shaping levels and patterns of intra and interspecific nucleotide divergence and diversity in natural populations (Nielsen et al., 2005; Oleksyk et al., 2010; Fay, 2011) . In comparative studies of orthologous protein-coding sequences, the action of natural selection during the divergence process is inferred from the value of the ratio of non-synonymous (dN) to synonymous (dS) substitutions (dN/dS or x). Proteins or sections of proteins under purifying (negative) selection (i.e. selectively constrained) have dN/dS <1, while proteins or sections of proteins that have experienced positive selection have dN/dS >1. However, as usually only a small proportion of codon sites are evolving under positive selection, averaging dN/dS over an entire protein is a very conservative approach for inferring natural selection. Consequently, methods that test for codon sites evolving under positive selection are more powerful and accurate (Yang and Swanson, 2002; Swanson et al., 2003) .
Immune system elicitors or antigens from pathogens that evolve rapidly to avoid recognition from the host immune system constitute good examples of protein evolution driven by natural selection (Frank, 2002) . With the availability of full genome sequences for multiple pathogen species, bioinformatics and evolutionary analyses focused on the use of dN/dS ratios have become powerful approaches for identifying proteins evolving under positive selection that may eventually become candidate genes for parasite control (Petersen et al., 2007; Soyer et al., 2009; Gu et al., 2011; Xu et al., 2011; Zhang et al., 2011; McCann et al., 2012 Chagas disease and Leishmaniasis are neglected tropical diseases for which vaccines are yet to be developed (Hotez et al., 2007; Bethony et al., 2011) , making them excellent candidates for conducting in silico searches for protein-coding genes that can be targeted for vaccine or drug development. Trypanosoma cruzi is the etiological agent of Chagas Disease; it infects approximately 8-18 million people, and kills about 20 thousand people every year in Latin America (WHO, 2002; Rassi et al., 2010) . Leishmaniasis, on the other hand, is caused by more than 20 species of the genus Leishmania and has a much wider geographic range, occurring in 88 different countries from Latin America, Asia, Africa and Europe. It is estimated that 12 million people are infected with Leishmania, with approximately 20,000-40,000 deaths per year (Desjeux, 2001; Alvar et al., 2012) .
Trypanosoma cruzi and Leishmania sp. are protozoans that belong to the class Kinetoplastea, an early-diverged branch in the eukaryotic tree of life (Simpson et al., 2006) . Members of this eukaryotic class have unique characteristics not found in other eukaryotes (Schmidt and Roberts, 2005) like polycistronic mRNA modification, uracil insertion modification of mRNA, and the presence of an enlarged mitochondria (i.e. kinetoplast) with a unique chromosomal architecture composed of a few mega circles and thousands of concatenated mini circles. Both parasites have evolved to be digenetic and have independently evolved intracellular evasion mechanisms within their mammal hosts (Sibley, 2011) . Further, both groups of parasites are thought to have originated in South America (Yeo et al., 2005; Lukes et al., 2007; Zingales et al., 2012) , even though they have now different geographic ranges and have adapted to very different insect vectors and mammal hosts. Sylvatic Leishmania has been found mostly in rodents, dogs, foxes and jackals, whereas T. cruzi has a much wider range of mammal hosts (>100 hosts), including opossums, armadillos, primates, raccoons, rodents, bats, dogs and humans (Schmidt and Roberts, 2005; Ready, 2013) . However, one of the most dramatic differences between the two taxa is their contrasting cell/tissue tropism. Leishmania strictly invade macrophages and dendritic cells in the vertebrate host, although short-lived neutrophils are also targeted during the early invasion process (Liu and Uzonna, 2012) . On the other hand, T. cruzi can invade a much wider array of cell types (e.g. myocytes, macrophages, cardiomyocytes, nerve cells, etc.) (Fernandes and Andrews, 2012; Moradin and Descoteaux, 2012) , and in fact appears to be able to invade any type of cell in vitro (Manso-Alves and Arruda Mortara, 2009).
Whether those major differences between T. cruzi and Leishmania spp. in mammal host diversity, cell/tissue tropism and, possibly, cell invasion mechanisms, have had any impact on patterns of genetic diversification genome-wide in both pathogens has yet to be explored. Here we present evolutionary analyses of protein-coding genes from five genomes of T. cruzi spp. and four genomes of Leishmania spp. Because T. cruzi has a broader host range and can invade a wider array of cell types than Leishmania spp. we hypothesize that T. cruzi proteins should show more evidence of adaptive evolution than Leishmania spp. proteins. Genes showing evidence of positive selection within each taxonomic group may be under diversifying selection to evade the immune system and thus, depending on their functions, could represent viable candidates for the development of methods of parasite control.
Materials and methods

Sequence data sets
We analyzed all available annotated genome sequences from T. cruzi and Leishmania spp. available in TriTrypDB release 7.0 (http:// tritrypdb.org/tritrypdb/). As of January 2014 four T. cruzi genomes as well as the genome of the bat infecting species T. cruzi marinkellei, a close relative of T. cruzi, had been sequenced and annotated. The four T. cruzi genomes represent 3 of the 6 distinct typing units (DTUs) or lineages (TcI-TcVI) in which the genetic diversity of T. cruzi is currently divided (Zingales et al., 2009) . They include the most divergent set of lineages of this taxon and thus provide a good representation of genetic divergence within T. cruzi. Because T. cruzi has a mainly clonal mode of reproduction (Tibayrenc et al., 1986; Tibayrenc and Ayala, 1988) T. cruzi DTUs do correspond to genetically isolated entities akin to species. Therefore, despite the difference in taxonomic nomenclature between the two groups we analyze here, the evolutionary divergence among T. cruzi DTUs is equivalent to the divergence among Leishmania species, making the comparison appropriate.
Two of the T. cruzi sequenced genomes (haplotypes Esmeraldo (TcII) and Non-Esmeraldo (TcIII)) were obtained during the sequencing of the genome strain of T. cruzi CL Brener (El-Sayed et al., 2005) . This strain is a hybrid Ayala, 2001, 2002; Brisse et al., 2003) , the result of a hybridization event between two divergent lineages that took place $0.4-0.8 million years ago (Flores-Lopez and Machado, 2011) . In our analyses we only use sequences from the parental lineages (Esmeraldo and Non-Esmeraldo) that gave rise to the hybrid (El-Sayed et al., 2005) , therefore avoiding the use of any sequences that could have recombined after the hybridization event. We also included two additional genome sequences from lineage TcI, T. cruzi Sylvio X10/1 (Franzen et al., 2011) and T. cruzi JRcl4 (unpublished but available in TriTrypDB), as well as the genome of the bat infecting T. cruzi marinkellei strain B7 (Franzen et al., 2011) . The number of annotated protein coding genes in each sequenced genome is the following: Non-Esmeraldo (10,834), Esmeraldo (10,342), JRcl4 (7755), Sylvio (7456) and T. cruzi marinkellei (10,342).
The genetic diversity of Leishmania spp. has been divided into more than 30 species (Schmidt and Roberts, 2005) . Five Leishmania species associated with humans have had their genomes sequenced: L. major, responsible for cutaneous leishmaniasis (CL) in the old world, L. mexicana and L. braziliensis, both of which cause CL in the new world, and L. infantum and L. donovani which cause visceral leishmaniasis (VL). L. major (strain Friedlin) was the first Leishmania species sequenced (Ivens et al., 2005) , followed by L. infantum and L. braziliensis (Peacock et al., 2007) . Annotated genome sequences of L. mexicana are not published but available in TriTrypDB. The annotated genome sequence of L. donovani is available in GeneDB (http://www.genedb.org/). However, this species has very low genetic divergence with L. infantum ($0.48% average nucleotide divergence) and for that reason it was not included in this study. The number of annotated protein coding genes in each of the 4 Leishmania genomes we included is the following: L. major (8408), L. infantum (8241), L. braziliensis (8357) and L. mexicana (8250).
Ortholog data sets
Reciprocal best hit blastx searches were conducted to find true orthologs within each taxonomic group. A blastx E-value of 10 À5 was used as threshold for the orthologous search similarity criteria. The approach to identify orthologs using reciprocal best hit blastx searches is conservative due to its low false positive rate and medium false negative rate (Chen et al., 2007) . Within each taxonomic group we conducted reciprocal best-hit blastx searches for all possible pairwise strain comparisons, and selected ortholog pairs that matched across all pairwise comparisons. This conservative approach filtered out almost all proteins that form part of the largest protein families found in T. cruzi (i.e. trans-sialidases, mucins, MASP, surface glycoprotein gp63 protease) due to large sequence similarities among protein members of these large gene families.
The final datasets of putative orthologs consisted of 3893 protein-coding genes in T. cruzi and 7439 protein-coding genes in Leishmania spp. T. cruzi strains were highly dissimilar in terms of the number of predicted protein-coding genes in each genome compared to Leishmania spp. The CL-Brener haplotypes had an average of 10,588 protein-coding genes per haplotype, similar to the 10,342 genes in T. cruzi marinkellei, while the TcI strains (Sylvio & JRcl4) had an average of 7605 protein-coding genes per strain. The first T. cruzi genome sequenced study noted that approximately 50% of the predicted protein-coding genes were members of few very large protein families (El-Sayed et al., 2005) . The significantly smaller number of protein-coding genes predicted in the TcI strains is mostly due to differences in the copy number of these large protein families (mostly trans-sialidases, mucins, MASP and gp63s protein families) (Franzen et al., 2011) . In contrast to T. cruzi, the number of predicted protein-coding genes in the genomes of Leishmania was very similar across species. The largest difference in number of protein-coding genes annotated among Leishmania species was 167, compared to approximately 3000 among T. cruzi strains. The average Leishmania genome contained 8314 predicted protein coding-genes, from which an ortholog data set of 7439 protein coding-genes was constructed.
Alignment and selection analyses
Sequences from each ortholog data set were translated to amino acids with translatorx3.pl (Abascal et al., 2010) and aligned with MUSCLE (Edgar, 2004) . Aligned data sets were back translated into nucleotides for the selection analyses in PAML (Yang, 2007 ) (see below). Poorly aligned regions were removed using Gblocks (Castresana, 2000) . Removing poorly aligned regions is a conservative approach that has recently been shown to outweigh the costs of removing true positively selected sites from the analyses (Privman et al., 2011) . Thus, the true number of positively selected sites and/or proteins in our data set might actually be larger than what is presented here. Concatenated data sets of $1.75 million base pairs of aligned protein-coding sequence for each group of taxa were used to reconstruct phylogenetic relationships among the T. cruzi or Leishmania genomes using Maximum likelihood in PhyML (Guindon et al., 2010) (Fig. 1) . The DNA substitution models used in the phylogenetic reconstructions were selected for each taxonomic data set using jModeltest (Posada, 2008) (GTR + G for T. cruzi spp. and GTR + I for Leishmania spp.). The phylogenies were then input to PAML for conducting the positive selection analyses independently for each taxonomic dataset using site models that incorporate heterogeneity across sites in the estimates of the dN/ dS ratio (x) and that use phylogenetic information. These tests do not rely on pairwise estimates of x and have been shown (Dos Reis and Yang, 2013) to be less prone to biases caused by the observed dependency between genetic distance and x in pairwise comparisons (Rocha et al., 2006; Wolf et al., 2009 ). Pairs of nested models, M7 (beta) versus M8 (beta & x) and M8 versus M8a (beta & x = 1), were compared using a likelihood ratio test (LRT). Significance of the LRT for M7 vs M8 was determined using 2 degrees of freedom. Since model M8a is not completely nested within M8, significance was determined by halving the p value from a chi-square test with one degree of freedom as previously suggested (Yang, 2007) . As we conducted multiple comparisons, the significance of each p-value was corrected using the false discovery rate method of Benjamini and Hochberg (Benjamini and Hochberg, 1995) with the p.adjust() function in R. To evaluate the effect of presumed differences in reproductive mode between the two taxa (Leishmania seems to undergo more sexual reproduction than T. cruzi), dN/dS values were compared for groups of genes with housekeeping and hypothetical functions to determine if there is evidence of relaxed purifying selection in T. cruzi (See Section 3).
Functional overrepresentation analyses
Functional annotations associated with L. major and the T. cruzi Non-Esmeraldo haplotype were used to determine if any molecular or biological functions were overrepresented among genes showing evidence of positive selection. Unfortunately, between 50% and 68% of the protein coding genes in T. cruzi and L. major have unknown functions based on genome annotations, and only 10% ($500 proteins) of T. cruzi proteins and 42% (3525 proteins) in L. major have a Gene Ontology term associated to them (www.genedb.org). Consequently, to conduct a more comprehensive functional over representation analysis, we additionally clustered all our protein data into Pfam clans (pfam.sanger.ac.uk/), a broader classification scheme that groups evolutionary related protein families into clans based on related structure, related function, and significant matching of the same sequence to databases of hidden Markov Models (HMMs) from different families and profileprofile comparisons (Finn et al., 2006) . Clustering our data set into Pfam clans allowed us to include many more proteins into the functional overrepresentation analyses. Statistically overrepresented Pfam clans were identified with GeneMerge (Castillo- Davis and Hartl, 2003) . All statistical overrepresentation tests were conducted with the protein lists predicted to be under positive selection from the M8 versus M8a model comparison.
Hypothetical clustering
Genes with unknown function (i.e. hypothetical genes) were grouped into protein clusters by conducting a self blastp search (E value < 10 À10 ) of all the hypothetical proteins from the NonEsmeraldo genome or from the L. major genome. A numerical code (e.g. protein family 1, 2, 3, etc.) was given to all clusters, including proteins from clusters of size 1. GeneMerge was used to determine statistical overrepresentation of protein clusters that had evidence of sites under positive selection (based on the comparison of models M8 and M8a).
Results
3.1. More evidence of adaptive protein evolution in T. cruzi than in Leishmania spp. Fig. 1 shows the phylogenetic relationships among the Leishmania spp. and T. cruzi genomes used in this study, reconstructed using maximum likelihood. The overall level of sequence divergence (p-distance, averaged across orthologous genes) among the T. cruzi genomes ranged between 0.015 and 0.086 (Table S1 ). The overall level of sequence divergence among Leishmania genomes ranged between 0.053 and 0.175 (Table S1 ). In Leishmania spp. our analyses identified 78 and 170 genes with evidence of positive selection using, respectively, the M8 vs M8a or M7 vs M8 tests of the codon site models, representing 1.0% or 2.3% of the 7439 orthologous gene data set from Leishmania (Table 1, p < 0.01, Tables S2-S3 ). In contrast, in T. cruzi, a total of 402 and 451 protein-coding genes presented evidence of positive selection using, respectively, the M8 vs M8a or M7 vs M8 tests of the codon site models, representing 10.33% or 11.59% of the 3893 T. cruzi genes used in this study ( Fig. 2) . Furthermore, the average dN/ dS ratio in sites with dN/dS >1 in proteins showing significant evidence of positive selection (Fig. 3 ) and the proportion of codon sites under selection in those proteins (Fig. 4) are significantly higher in T. cruzi than in Leishmania spp. (Wilcoxon rank-sum test, p < 0.0001).
To examine the effect of removing highly divergent codons from the alignment we performed the T. cruzi ortholog alignments without alignment edition by Gblocks (Castresana, 2000) , which removes highly divergent aligned regions. It is important to note that recent analyses (Privman et al., 2011) show that the benefits of using aligner filters in studies of this nature outweigh the costs of removing true positively selected sites from the analyses. Without the Gblocks alignment edition, the number of genes predicted to be under positive selection in T. cruzi spp. increases from 776 to 954 using the M7 vs M8 model comparison and from 714 to 892 using the M8 vs M8a comparison, confirming that our reported results are conservative. Similar results were observed in Leishmania spp., and thus the number of proteins predicted to be under positive selection in T. cruzi remained larger than those predicted in Leishmania spp. (not shown).
Low divergence at synonymous sites (dS) could generate false positives with high dN/dS particularly in pairwise sequence comparisons (Rocha et al., 2006; Wolf et al., 2009; Dos Reis and Yang, 2013) . However, T. cruzi proteins under positive selection had a significantly higher divergence at synonymous sites compared to proteins under purifying selection (Wilcoxon rank-sum test, p = 0.0144), whereas the Leishmania spp. proteins under positive selection did not show any significant difference with those under purifying selection (p = 0.38). Furthermore, the distribution of dN/ dS values for all proteins when comparing the most divergent lineages of Leishmania spp. (L. braziliensis vs L. mexicana) or T. cruzi (T. cruzi Sylvio strain vs T. cruzi marinkellei) is still significantly different between the two taxa (Wilcoxon rank-sum text, p < 0.0001) (Fig. 5) . Therefore, it is unlikely that the results we report are caused by artifacts generated by low divergence at synonymous sites in the T. cruzi dataset.
Differences in GC content do not affect the performance of the codon models used (Zhai et al., 2012) , and we saw no difference in GC content of genes with different evidence of selection (Table S7 ). The only sequence characteristic that has been shown to have an effect on the performance of the codon models used is gene length (Zhai et al., 2012) , as there is more power to detect selection in longer genes (Anisimova et al., 2001) . We in fact observed the same trend of significantly longer gene length in the set of positive selected genes and those under purifying selection both in T. cruzi (M7 vs M8: 2158 vs 1599, p < 0.001; M8 vs M8a: 2195 vs 1603, p < 0.001) and Leishmania spp. (M7 vs M8: 2280 vs 1998, p = 0.015; M8 vs M8a: 2458 vs 1999, p = 0.024) (Table S7 ). However, the protein coding genes in the Leishmania spp. data set were significantly longer than those of T. cruzi spp. (p = 9.34 Â 10
À13
). Given that more selection was detected in the dataset with the shorter gene length, it is unlikely that this factor has influenced the overall results.
Differences in reproductive mode (asexual vs sexual) can be problematic for interpreting differences in patterns of adaptive evolution. Theory suggests that asexual lineages should undergo a relaxation of purifying selection with the consequence of an In each case, the phylogeny was reconstructed using a concatenated data set of 1.75 million base pairs of aligned coding sequence. The GTR substitution model was used in both analyses. overall increase of Ka/Ks ratios relative to sexually reproducing lineages due to the faster accumulation of deleterious mutations expected in smaller populations (Charlesworth and Wright, 2001; Glemin, 2007) , although empirical results have not always been consistent with that prediction (Paland and Lynch, 2006; Barraclough et al., 2007; Henry et al., 2012; Ollivier et al., 2012 . dN/dS values higher than 10 were removed from the analysis (differences between species remained highly significant without the removal of outliers, p < 0.0001). Boxes encompass the lower and upper quartiles, with the internal line representing the median and whiskers extending to the 2.5th and 97.5th percentiles.
and L. braziliensis (Rougeron et al., 2009 ) suggest that Leishmania alternate clonal propagation with sexual reproduction. Given that Leishmania seems to undergo more sexual reproduction than T. cruzi (acknowledging that we have no information for T. cruzi marinkellei) we hypothesize that if our reported results are due to reduced levels of genome-wide purifying selection rather than increased adaptive evolution in T. cruzi we should observe evidence of relaxed purifying selection in housekeeping genes in this taxon. For each taxon we compared dN/dS values from 47 genes that had the same housekeeping functions in both taxa (e.g. DNA and RNA polymerases, Ribosomal proteins, histones, cytochromes, kinases, helicases) with dN/dS values of approximately 300 genes encoding hypothetical proteins (Table S6 ). The latter set of genes are expected to have lower selective constraints than housekeeping genes and were chosen at random from the large suite of annotated hypothetical genes from each taxon. The dN/dS values of housekeeping genes were significantly lower than hypothetical genes for both T. cruzi spp. (p = 3.07 Â 10 À25 ; housekeeping genes mean dN/dS = 0.223, hypothetical genes mean dN/dS = 0.748) and Leishmania spp. (p = 8.5 Â 10 À15 ; housekeeping genes mean dN/ dS = 0.167, hypothetical genes mean dN/dS = 0.387) (Fig. 6) . The difference in mean dN/dS values between housekeeping and hypothetical genes is thus much greater in T. cruzi spp. than in Leishmania spp. suggesting that purifying selection is still playing a very important role in T. cruzi protein evolution. That conclusion is reinforced by the additional observation that while the difference between both taxa in dN/dS values for housekeeping genes is barely significant (p = 0.03) it is highly significant for hypothetical genes (p = 1.78 Â 10 À57 ). The results are also consistent with a previous detailed population genetic study that also found evidence of purifying selection in two housekeeping genes of T. cruzi (Machado and Ayala, 2002) .
Functional overrepresentation of genes under positive selection
In Leishmania spp., 4 functional categories were statistically overrepresented in the genes showing evidence of positive selection (p < 0.01) ( Table 2 ). The most significant was glutathione peroxidase, followed by ATP binding cassette, iron superoxide dismutase and cysteine peptidase. Interestingly, proteins with those functions have been shown to play some role in the evolution of drug resistance (ATP binding cassette) (Purkait et al., 2012) , in the interaction with the host immune system (Cysteine peptidase) (Mottram et al., 2004; Alexander and Bryson, 2005) , or have been proposed as vaccine candidates for Leishmaniasis (iron superoxidase dismutase) (Daifalla et al., 2012 ) (see Section 4).
In T. cruzi, there were only 2 over represented functions among those showing evidence of positive selection (p < 0.01): genes with hypothetical functions (discussed below) and genes with mucin function (Table 2 ). The latter is an important finding given the important role played by mucins in protecting the parasite from both vector and mammal host defense mechanisms and their role in guaranteeing an anchorage point during the parasite invasion process (Buscaglia et al., 2006; De Pablos and Osuna, 2012) . ). In an attempt to increase the power of the analysis of proteins with unknown function, all those proteins were clustered based on sequence similarity. Of the 2796 hypothetical proteins within the T. cruzi ortholog data set, 461 clusters were formed after the sequence similarity cluster criteria (E value < 10 À10 ). In the Leishmania spp. ortholog data set 830 clusters were formed. These results show, as expected, that most hypothetical proteins are not part of large protein families, reducing the power of functional overrepresentation analyses. Of the clusters of hypothetical proteins recovered, only 3 clusters in T. cruzi and 2 clusters in Leishmania spp. were overrepresented among those under positive selection (Table 3) .
Discussion
We show that we can infer more evidence of positive selection in T. cruzi proteins than in Leishmania spp. proteins. Because T. cruzi has a mainly clonal mode of reproduction (Tibayrenc et al., 1986; Tibayrenc and Ayala, 1988) T. cruzi DTUs do correspond to genetically isolated entities akin to species. Thus, the evolutionary divergence among T. cruzi DTUs is equivalent to the divergence among Leishmania species, making the comparison appropriate. First, we report that a significantly larger fraction of protein-coding genes show evidence of positive selection in T. cruzi than in Leishmania spp. (Table 1, Fig. 2) . Furthermore, we report that the average dN/dS of sites under positive selection and the proportion of sites under positive selection in genes showing a signal of positive selection are significantly higher in T. cruzi than in Leishmania spp. (Fig. 3) . What makes our results more startling is the fact that the majority of surface protein families of T. cruzi, which make up almost 50% of the genes in its genome were unavoidably filtered out of our gene data set due to the strict orthologous gene criteria that was used. Given the immune related function of those protein families our results are indicative that the number of proteins that have been under positive selection in T. cruzi should be larger than the number reported here.
The reported results are not artifacts of the analyses. Removing or not removing highly divergent regions using GBlocks does not affect the overall results. Further, low levels of sequence divergence at silent sites have not influenced the inference of adaptive evolution. Although the overall level of divergence was smaller among T. cruzi strains (p-distance: 0.015-0.086) than among Leishmania species (p-distance: 0.053-0.175), a similar comparative genomic study in primates observed the opposite trend that we report: significantly smaller number of proteins were predicted to be under positive selection with the less divergent sample of primate species (George et al., 2011) . Moreover, we show that the pattern is not the result of possible differences in reproductive mode between the two taxa, or differences in GC content or gene length.
We propose that the larger number of hosts mammal species, the larger number of target cells and tissues it can infect, and the more diverse intracellular invasive developmental stages of T. cruzi are the underlying reasons behind the observed difference in the number of proteins inferred to have experienced adaptive evolution in the two taxa. Those major differences in the biology of the two groups of parasites should influence the level of interaction between the parasite, surface receptors of host target cells and/or the immune system of their different hosts, and can therefore influence patterns of protein evolution in immune elicitors of the parasite and in proteins involved in cell invasion. Species from the genus Leishmania are known to almost exclusively depend on macrophages and dendritic cells for their intracellular survival mechanism (Liu and Uzonna, 2012) within their relatively small number of mammal hosts (Schmidt and Roberts, 2005; Ready, 2013) . Although there are some lizard-infecting species of Leishmania that live in the lumen of the cloacae, the intestine or in the bloodstream of lizards and do not infect macrophages, none of these species were included in this study and there has been a debate among taxonomists about the placement of these species within the genus Leishmania or the subgenus Sauroleishmania (Noyes et al., 1998) . On the other hand T. cruzi has the ability to invade any type of cell in humans during the initial phases of infection, even though the parasite does tend to have tropism toward muscle and nerve cells (Schmidt and Roberts, 2005) . The pathology of T. cruzi in its estimated 180 mammal reservoir species is not well known (WHO, 2002; Noireau et al., 2009) . It is unlikely that the capacity to invade multiple cell types is a characteristic unique to the interaction between T. cruzi and humans given the recent age of this interaction and the vast number and diversity of mammal species T. cruzi is known to infect. The wider range of host cells and host species that T. cruzi can infect, combined with its more complex life cycle, exposes the parasite to more diverse intraand extracellular environments and has thus exposed a larger number of its proteins to selective pressures during its evolution compared to Leishmania. Proteins directly exposed to the immune system as well as proteins that directly interact with surface receptors of the wide range of cell types T. cruzi can invade should have been exposed to different levels of selection. Therefore, we hypothesize that the higher versatility of T. cruzi is the most likely reason for the significant differences in the fraction of proteins under positive selection (Fig. 2) and the more intense levels of selection in those proteins between the two taxa (Fig. 3) . We stress the fact that selection pressures have been exerted mostly by non-human hosts of these parasites given the short time of association of these parasites with humans.
The availability of annotated genome sequences from human pathogens has made feasible the application of in silico methods to identify proteins with immunogenic properties that could become candidates for parasite control. Recent studies have provided solid evidence that candidates for vaccine development can be identified by surveying parasite's genomes for proteins in which few amino acid sites have experienced high rates of amino acid substitution (consistent with the action of positive selection) while the rest of the protein is under strong purifying selection (Suzuki, 2004; Gu et al., 2011; McCann et al., 2012) . The rationale behind this idea is that proteins with those characteristics have regions that are rapidly evolving because of their recognition by the host's immune system, but also have conserved regions under strong negative selection that may have a critical role in the biology of the pathogen. Effective vaccines or drugs with long-term effectiveness would target those conserved regions rather than the rapidly changing regions of those proteins (Burton et al., 2012) , although there is some evidence that polymorphic regions under balancing selection can also be very effective immune elicitors (Osier et al., 2007; Weedall and Conway, 2010) .
Our study is the first to use comparative evolutionary analyses for generating a preliminary list of potentially useful immunogenic proteins in Leishmaniasis and Chagas disease (Tables S2-S5 ). In Leishmania spp. the most interesting overrepresented function with genes under positive selection was iron superoxidase dismutase, since one gene from this protein family was recently proposed as a vaccine candidate for Leishmaniasis due to the protective role it induced in mice (Daifalla et al., 2012) . That result further reinforces the point that evolutionary approaches can play an important role in detecting immunogenic molecules. In addition, we found four additional overrepresented functions, some of which have been shown to play some role in the evolution of drug resistance (ATP binding cassette) or in the interaction with the host immune system (Cysteine peptidase). ATP binding cassette was the second most significant overrepresented function. Members of this large protein family are known to be involved in the development of amphotericin-B drug resistance in L. donovani (Purkait et al., 2012) . This antifungal compound (amphotericin-B) is the main drug therapy employed by the WHO to treat visceral leishmaniasis. It would be of particular interest to determine if the sites predicted to be under positive selection in these proteins are directly involved in the development of amphotericin-B drug resistance. Further, Cysteine peptidases are known to play a very important role in the manipulation of the host's immune response in L. mexicana by controlling the T-helper cell response, which has been shown to determine the fate of the infection (Mottram et al., 2004; Alexander and Bryson, 2005) . Interestingly the phylogenetic branches leading to L. mexicana in both ortholog data sets appear to be under positive selection (data not shown).
In T. cruzi we found that Mucin proteins were overrepresented among those showing signals of positive selection. However, while the heavy glycosylation and hypervariability of Mucin proteins does not favor their consideration as logical drug/vaccine candidates for T. cruzi, other characteristics like their cell membrane location and role in the mechanisms of intracellular invasion (Buscaglia et al., 2006) suggests the contrary. Unfortunately there are still many proteins of this parasite with unknown function, and our analyses suggest that many of these unknown proteins have experienced adaptive evolution. However, without a biological function associated to these proteins and without knowing whether they are cell surface proteins it is difficult to evaluate their utility in methods of parasite control.
In summary, we show that natural selection has played a larger role in the evolution of T. cruzi proteins than in the evolution of Leishmania spp. proteins. We propose that this difference is the result of the greater versatility of T. cruzi in terms of mammal species it can infect, its cell tropism and its intracellular invasion mechanisms. We provide a list of proteins that have evolved under positive selection that could be evaluated in methods of parasite control in both human diseases. Identification of a protein that was recently proposed as a Leishmaniasis vaccine using our evolutionary analyses confirms the importance that comparative evolutionary studies can have on the exploration of vaccine candidates.
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